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(57) Abstract: An acoustic generator, comprising: n source of electro-magnetic radiation: a waveguide coupled to said source; and at 
least one absorbing region defined in said waveguide, said region being selectively absorbing for portions of said radiation meeting at 
least one certain criterioii and having significantly different absorbing chaj acteri sties for radiation not meeting said ciiterion, both of 
said radiation portions being suitable for coiiveyance through said wa\'eguide, wlieiein said absorbing region conveits said radiation 
^ into an ukrasonic acoustic field. Optionally, said region comprises a volumclric absorber. Allcmalivcly or additionally, said region 
comprises a plurality of regions. 
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inLTRASONIC TRANSDUCER PROBE 
FIELD OF THE INVENTION 

The present inveaticxn relates to the jBeld of probes including ultrasonic transducers that 
are powered and/or controlled using non-electrical transmission methods. 
5 BACKGROUND 

Small cross-section catheters having ultrasound capability at or adjacent to their tips 
are known in the art. However, transmission of electrical power and/or signals through such 
thin catheters challenges the design and constrains the ability to reduce the cross-section of the 
devices. Consequently, several suggestions to transmit power to (and receive signals firam) the 

10 tip of the catheter using optical waves and convert the optical waves into ultrasonic waves 
using a suitable transducer, are recorded in the art. 

The phenomenon of conversion of electro-magnetic radiation to ultrasound is well 
established- Of the di£ferent conversion modes of electro-magnetic radiation to ultrasound 
conversion in the thermo-elastic regime is of primary, but not solitary, interest in this 

15 description. In the thermo-elastic regime, a portion of the electro-magnetic radiation absorbed 
in a target material heats up a region within the target materiaL Provided the rate of heat 
deposition is larger than the rate of its dissipation away from the radiated region, the region 
experiences an increase in its temperature. The resulting thermal stress generates an acoustic 
disturbance propagating away from the heated region. The rate of heat deposition, as 

20 determined from the temporal and spatial parameters of the irradiation wavefiront, the rate of 
dissipation of the heat away from the heated region, and the spatial distribution of temperature 
in the heated region and the physical properties of the target material determine the 
characteristics of the resulting acoustic signal, 

US patent 5,944,687, the disclosure of which is incorporated herein by reference, uses a 

25 transducer comprising a fluid reservoir at the tip of the catheter. The fluid is heated by a pulse 
of laser light transmitted through the catheter. When the heated fluid expands it causes a cap 
(or bellows) on the fluid reservoir to move. The illumination is transient, and after the light is 
interrupted, the fluid contracts and the cap retracts. 

US patent 6,022,309, the disclosure of which is incorporated herein by reference, 

30 describes a different implementation, in which working fluid is conveyed to outside the 
catheter. Once outside, the fluid is irradiated with pulsed laser hght and converts the laser light 
into ultrasoimd radiation. Therefore, the ultrasound radiation is generated outside the confines 
of the catheter. 

1 
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US patent 5,254,112, the disclosure of which is incorporated herein by reference, 
describes a catheter in which pulsed laser light hits a target that allegedly generates ultrasound 
radiation in a direction perpendicular to the target's surface, counter-incident to the light 
enei^. The targets described are metallic. This catheter can allegedly also transmit a high 
5 power laser, that is reflected to propagate in the same general direction as the ultrasound 
radiation, to optically ablate plaque in the vicinity of the catheter. The patent claims that the 
direction of the acoustic radiation is at a near-right-angle, slightly proximal, to the axis of the 
catheter. How this happens is not, however, described by the instant applicant. This patent also 
describes detection of acoustic radiation at the probe by detecting its interaction with an optical 

10 signal (e.g., using a laser beam) that is also introduced to the probe tip. A single fiber may run 
along the catheter and be used, apparently selectively, for conveying ultrasound generating 
laser lig^t and for detecting acoustic radiation, by using a selectively reflecting surface that 
passes ultrasound generating radiation and reflects ultrasound detecting radiation. Acoustic 
interaction between ambient ultrasound waves and sensing light is wiib a transparent 

15 intaposing medium between the fiber and the reflector. This patent apparentiy does not 
suggest using a same fiber simultaneously for more than one function. 

This patent uses a multi-fiber catheter, with each fiber beiag used to select one angular 
segment and transmit light and/or ultrasonic energy in a direction generally perpendicular to 
the catheter axis. Also, a central guidewire is used to guide the catheter. Thus, this design 

20 necessarily requires a significantly larger diameter than a catheter utilizing a single fiber. 

In addition, the power of the ultrasound generated by this patent is apparentiy 
constrained by several fundamental loss processes: (a) most of the powering laser light is 
apparently lost by reflection from the metallic target, some into surrounding tissue (with an 
added potential health hazard), and (b) most of the resulting ultrasound is apparently dissipated 

25 within the construction of the catheter. The later effect reduces the effectiveness of the system 
both in the introduction of uncontrolled ultrasonic signals fliat introduce large background 
interference that severely compromises the performance of the device as well as in a 
significant reduction in the available power . In addition, unwanted power is apparentiy also 
absorbed by the surrounding tissue. 

30 SUMMARY OF THE INVENTION 

An aspect of some embodiments of the invention relates to a method of generating 
ultrasonic radiation from electromagnetic radiation. In an exemplary embodiment of the 
invention, a waveguide for the electromagnetic radiation includes one or more absorbing 
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regions that selectively absorb a portion of the radiation, said selection optionally effected by 
discrimination on the basis of wavelength and/or polarization. A pulse (or train of pulses) of 
radiation is transmitted towards the absorption region and causes the absorbing regions to 
expand abruptly, generating ultrasonic radiation. In an exemplary embodiment of the 
invention, the waveguide is an optical fiber and the absorbing regions are defined in or on the 
core of the fiber. Alternatively, the absorbing regions are segments that are added to the fiber. 
Optionally, the waveguide is terminated by an absozbing region. An absoibing area may be 
thin or a boundary layer, for exaniple, a thin layer of metal or other material, especially a 
dichroic material or a wavelength selective reflective element such as a grid 

In an exemplary embodiment of the invention, a guidewire for medical applications 
comprises a single wave-guide, such as an optical fiber, with a wavelength-selective absorbing 
region at its end. When laser light of that wavelength is pulsed througjb. the fiber, the absorbing 
region generates acoustic radiation. Optionally generation is by thermo-elastic generation, in 
which thermal stresses are introduced as a result of the absorbed light. Optionally, light of a 
second wavelength is transmitted substantially unhampered through the fiber, for example, to 
exit past the absorbing region. Alternatively or additionally, a reflector is provided at the end 
of the fiber, to reflect the li^t of the second wavelength back, with the phase, frequency, 
polarization and/or amplitude of the light being affected by an optical-acoustic interaction at or 
near the reflector. Optionally, such interactions are used for detecting an acoustic field 
Alternatively or additionally, a reflector is provided at the end of the fiber, to reflect the ligjit 
of the absorbing wavelength back, so as to even out the temperature distribution due to the 
absorption in the absorbing region 

In an exemplary embodiment of the invention, the absorbing region is dense enough to 
absorb all the intensity of the incident radiation, such that no portion of the absorbed 
wavelength is transmitted past the absorbing region. Alternatively, a portion of the energy at 
the absorbed wavelength is transmitted through the region, while another portion is absorbed. 
Alternatively, multiple absorbing regions are provided for a same wavelength, with each 
region absorbing some Ught and transmitting some light. The absorbency of the regions may be 
designed to provide a imiform (or shaped) thermal distribution so as to generate a specific 
form of ultrasonic field. 

In an exemplary embodiment of the invention, different absorbing regions are provided 
for different wavelengths. Optionally, one terminating region is provided to absorb all relevant 
wavelengths. Optionally, there is a spatial overlap between absorbing regions for different 

3 
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jfrequencies, for example a 0.1 mm region that absorbs a first wavelength includes a 0.05 mm 
sub-region that absorbs a second wavelength in addition to the first wavelength. Sudi overlap 
potentially increases the design flexibility in controUing the acoustic transmission envelope, 
direction and/or firequency. 

In an exemplary embodiment of the invention, the selectivity of the absorbing area is 
relative to the wavelengths that the waveguide can eflfectively transmit. For example, the total 
wavelength range of the waveguide may be divided into sub-ranges, each being selectively 
absorbed by a certain material. For example, two, three, four or more different ranges may be 
provided. Alternatively or additionally, the selectivity is relative to the separation possible with 
the laser source used, for example, a tunable laser or a multiple laser source, e.g., with 
wavelength divisions of lOOGHz or less. 

In an exemplary embodiment of the invention, the waveguide is used to guide the 
radiating energy to msure that most or all of flie energy passes through the (one or more) 
absorbing region. Thus, beam expansion and difiBraction problems can be avoided. 

An aspect of some embodiments of the invention relates to the generation of ultrasound 
by the absorption of electromagnetic radiation by an absorbing solid volume. Optionally, the 
absorbing solid is lightly absorbing such that the absorption is gradual along the direction of 
propagating of the radiation, rather than the energy being absorbed on a surface or boundary 
layer of the volume. Optionally, the absorbing volume is inserted into the body and used for 
treatment and/or imagrag. Optionally, the volume is selectively absorbing of wavelength, 
polarization and^or does not block the entire cross-section of a light guide used to provide the 
Kght. 

In an exemplary embodiment of the invention, a reflector is provided distal of an 
absorbing region, to reflect radiation that is not absorbed by the region on the forward pass, 
back into the same region for further absorption. Optionally, the radiation is made to 
reverberate several times through the absorbing region. This can be accomplished, for 
example, by two reflectors, positioned on either side of the absorbing region. Alternatively a 
polaiization-based two-pass reflecting system can be implemented by providing a polarization 
changing element at flie distal reflector and/or at the entrance to an absorbing area (or 
integrated into the absorbing area), so that the radiation inside the absorber has a polarization 
that is reflected by a polarization dependent reflector provided at the entrance to the absorbing 
volume. Such a polarization dependent reflector may also be provided at the exit firom the 
absorbing volume . Optionally, the reflector(s) and/or the number, size and/or density of the 
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absorbing volame(s) are selected to control flie unifonnity of the waves generated by one or 
more regions. A particular region may include absorber density variations along its length 
and/or cross-section, alternatively or additionally to changes in wavelength-dependent 
behavior. 

In an exemplary embodiment of flie invention, multiple absorption regions are placed 
along the wave-guide. The type, dimensions and relative positions of Hiese regions may be 
used to detennine the characteristics of the generated ultrasound. Suitable airangranents can 
optionally detennine the direotionaUty, spectral contents, wavefonn, and the intensity of the 
ultrasonic radiation. A potential benefit of multiple or extended regions is better heat 
dissipation, possibly allowing higher ultrasonic peak-power to be effectively used. 

In an exemplary embodiment of the invention, a plurality of absorbing regions act in 
concert to provide a desired energy field distribution and/or wave propagation direction. For 
example, the distance between two absorbing regions may be related to a desired acoustic 
wavelength to be generated. The absorbing regions that act in concert may be absorbing a same 
wavelengfli of radiation or different wavelengths. Alternatively or additionally, the number, 
spacing and/or length of the regions may be used to select the wavelength spectrum generated 
in one or more directions. Alternatively or additionaUy, the regions in a same or different fiber 
may be used to steer the ult^nic waves, for example, using phase diffei^ces between the 
regions. 

In an exemplary embodiment of the invention, a plurality of absorbing regions are used 
to generate a strong acoustic wave while maintaining a low average acoustic radiation power, 
which radiation power is desirably below a break-down point of the absorbing target The 
pluraUty of absorbing regions allows the target to accmnulate a larger overall acoustic power 
while maintaining the peak power level at each region below a specified tiireshold. 

In an exemplary embodiment of the invention, tiie ultrasound is generated without any 
fi-ee-space propagation of Ughl, with light going directly from a wave-guide to an absorbing 
volume. Alternatively, spaces are defined in the waveguide, for example if the waveguide is 
hoUow or by providing air (or vacuum or otiier fluids or gasses) spaces, such as expansion 
spaces, adjacent the target 

An aspect of some embodiments of the invention relates to control of ultrasound 
properties by spatial and density design of absorbing volumes. In an exemplary embodiment of 
the invention, the control includes one or more of uniformity, frequency, number of cycles, 
directivity and waveform. In an exemplary embodiment of the invention, the control is 
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achieved by providing multiple and suitably spaced absorbing volumes, possibly wifli different 
volumes being addressable using different wavel^igtfas, polarizations and/or via different 
fibers. Altematively or additionally, the volumes have controlled densities, which may be 
matched, for example, to the expected relative intensity of a electromagnetic wave at the 
5 volume. It should be noted that this control contrasts with that suggested in the art for fluid 
based systems, in which the absorption depth is fixed and a single volume is used. While the 
us© of solids is desirable in many embodiments of the invention, other material phases, such as 
gas or liquid may be used. In the example of absoiption outside of a catheter, the density of 
absorbing material may be controlled in order to achieve a desired radiation volume. 

10 An aspect of some embodiments of the invention relates to providing multiple 

absorbing regions in a waveguide, for generation of ultrasound firom each of the regions. 

An aspect of some embodiments of the invention relates to providing multiple electro- 
magnetic radiation waves in a wave-guide, such that a plurality of fimctions are provided. The 
multiple waves may have different polarization and/or wavelengths. In an exemplaiy 

15 embodiment of the invention, one of the waves is used for the generation of ultrasound and 
anoliier wave is used for detection of ultrasoimd or treatment based on the radiation. Such, 
treatment may be, for example, treatment using the radiation, treatment using heat or treatment 
using high powered ultrasound generated firom the radiation. In an exemplary embodiment of 
the invention, ultrasound radiation is generated firom the electromagnetic wave during forward 

20 traveling of the electr6-magnetic wave. 

An aspect of some embodiments of the invention relates to an acousto-optical medical 
probe that provides forward directed ultrasonic radiation and forward directed ligjit radiation. 
Optionally, forward looking ultrasonic detection is provided as well. Altematively or 
additionally, side-looking ultrasound radiation, side-looking light radiation, and/or side- 

25 looking ultrasonic detection may be provided. Altematively, ultrasound detection and/or 
generation may be by an external probe. In an exemplary embodiment of the invention, the 
acoustic radiation and light radiation are provided using a same optical fiber. 

An aspect of some embodiments of the invention relates to steering an ultrasound beam 
using a plurality of acousto-optical sources. In an exemplary embodiment of the invention, the 

30 sources are provided in different fibers or in different (possibly partially overlapping) parts of a 
cross-section or a length of a same fiber. In an exemplary embodiment of the invention, the 
relative phase in the different parts is controlled by providing suitable radiation to the sources. 
The direction and/or angle of view of the beam is set using phase and/or intensity differences 
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between the different sources. Optionally, the phase differences are controllable by modi^dng 
the timing and/or other properties of the source radiation. 

There is thus provided in accordance with an exemplary embodiment of the invention, 
an acoustic generator, comprising: 

a source of electro-magnetic radiation; 

a waveguide coupled to said source; and 

at least one absorbing region defined in said waveguide, said region being selectively 
absorbing for portions of said radiation meeting at least one certain criterion and having 
signijBcantly different absorbing characteristics for radiation not meeting said criterion, both of 
said radiation portions being suitable for conveyance through said waveguide, 

wherein said absorbing region converts said radiation into an ultrasonic acoustic field. 
Optionally, said criterion comprises wavelength such that said absorbing region is wavelength 
selective. Alternatively or additionally, said criterion comprises polarization such that said 
absorbing region is polarization selective. Alternatively or additionally, said generator is 
adapted to be inserted into a body. Alternatively or additionally, said waveguide comprises an 
optical fiber. Optionally, said fiber includes a non-acoustic optical fiber sensor. Alternatively, 
said absorbing region comprises a segment that is added to said fiber. Alternatively, said 
absorbing region comprises a doping of a core or damage to the core of said fiber. 

in an exemplary embodiment of the invention, said absorbing region is optically 
controllable to change at least one of said criterion and its absorption. Alternatively or 
additionally, said source comprises a laser source. Alternatively or additionally, said source 
comprises a coupler for a laser source. Alternatively or additionally, said source comprises a 
spectral filter. 

In an exemplary embodiment of the invention, said at least one absorbing region 
comprises at least two absorbing regions. Alternatively or additionally, said at least one 
absorbing region comprises at least three absorbing regions. Alternatively or additionally, said 
at least one absorbing region comprises at least four absorbing regions. 

In an exemplary embodiment of the invention, said at least two regions have same 
absorbing characteristics. Alternatively or additionally, said at least two regions have different 
absorbing characteristics. Alternatively or additionally, said at least two regions have at least 
one different absorption selectivity criterion. Altematively or additionally, said at least two 
regions have same selectivity. Altematively or additionally, the absorption properties of said at 
least two regions are adjusted so as to achieve a desired effect on said ultrasonic waves. 
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Alternatively or additionally, said at least two regions are spaced apart to achieve a desired 
effect on said ultrasonic waves. Optionally, said effect is selection of a wavelength spectrum. 
Alternatively or additionally, said effect is a selection of a spatial field distribution. 
Alternatively, said effect is a selection of ah acoustic envelope shape. 
5 In an exemplary embodiment of ttie invention, said absorbing region is a volume 

absorbs that absorbs said radiation along its length in a direction of propagation of said 
radiation. Optionally, said absorbing region has axially uniform absorption characteristics, 
along the axis of said waveguide. Alternatively, said absorbing region has axially non-uniform 
absorption characteristics, along the axis of said waveguide. Alternatively, said absorbing 

10 region has stepped absorption characteristics, along the axis of said waveguide. 

In an exemplary embodiment of the invention, said absorbing region is a solid 
absorber. Alternatively, said absorbing region is a fluid absorber. 

Ih an exemplary embodiment of the invention, said waveguide comprises an acousto- 
optical modulator portion that modulates light waves responsive to an acoustic field. 

15 Optionally, the generator comprises an optical detector coiq)led to said waveguide which 
generates a signal responsive to said acoustic field. Optionally, said optical detector detects 
radiation that passes through said absorbing region unabsoibed. Alternatively or additionally, 
the generator comprises a signal processor that reconstructs an image from said signal. 
Optionally, said image is a one dimensional image. Alternatively, said image is a two 

20 dimensional image. 

In an exemplary embodiment of the invention, the generator comprises a signal 
processor operative to reconstruct a tissue characterization firom said signal. Alternatively or 
additionally, the generator comprises a signal processor operative to reconstruct a distance 
firom said signal. 

25 In an exemplary embodiment of the invention, said source provides a high power laser 

beam that passes through said absorbing region substantially unabsorbed. 

In an exemplary embodiment of the invention, said selectivity provides selectivity of at 
least two different criteria of wavelengths that can pass through said waveguide. 

In an exemplary embodiment of the invention, said selectivity provides selectivity of at 
30 least three different criteria of wavelengths that can pass through said waveguide. 

In an exemplary embodiment of the invention, said generator comprises a plurality of 
waveguides arranged in a phased-array and a controller that controls said source to activate 
said array as a phased-array. 
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Iq an exemplary embodiment of titie invention, said ultrasonic wave is operative to be 

steered in space by said generator without moving the absorbing region. 

In an exemplary embodiment of the invention, said generator comprises only a single 

waveguide. 

In an exemplary embodiment of ttie invention, said generator comprises an ultrasonic 
absorber, which spatially shapes said xiltrasonic waves. 

In an exemplary embodiment of the invention, said generator comprises a controller 
operative to control said source. Optionally, said controller synchronizes an operation of said 
generator with a separate treatment device. Alternatively or additionally, said controller 
synchronizes an operation of said generator with a separate imaging device. Alternatively or 
additionally, said controller reads out optical signals received via said waveguide. 

There is also provided in accordance with an exemplary embodiment of t±ie invention 
an acoustic generator, comprising: 

a source of electro-magnetic radiation; 

a waveguide coupled to said source; and 

at least one volumetric absorbing region defined in said waveguide, which absorbs 
radiation along its length in a direction of propagation of said radiation, 

wherein said absorbing region converts said radiation into an ultrasonic acoustic field. 
Optionally, said absorber is uniformly absorbing along its length. Alternatively, said absorber 
is non-unifonnly absorbing along its length. Optionally, said non-uniformity is designed to 
achieve a certain absorption profile. Optionally, said absorption profile is designed to achieve a 
substantially uniform en^gy deposition along said absorber. 

In an exemplary embodiment of the invention, said non-uniformity is stepped, defining 
a plurality of contiguous uniform sub-regions with different absorbing characteristics. 

Optionally, said non-uniformity is stepped, defining a plurality of non-contiguous 
uniform sub-regions with different absorbing characteristics. 

In an exemplary embodiment of the invention, said generator comprises a reflector for 
reflecting at least a portion of the Ught that passes once through said absorber, to pass at least a 
second time through said absorber. Optionally, said generator cxjmprises a second reflector for 
reflecting at least a portion of the light that passes twice through said absorber, to pass at least 
a third time through said absorber. Alternatively, said second reflector is polarization 
discriminating and said generator comprises a polarization rotator. 
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In an exemplary embodiment of the inventionj, half a thickness of said absorption area 

absorbs less than 80% of light absorbed by said absorbing area. 

In an exemplary embodiment of the invention, said absorbing region has a non-uniform 

cross-section. 

5 In an exemplary embodiment of the invention, said absorbing region does not jBll a 

cross-section of said waveguide. 

In an exemplary embodiment of the invention, said waveguide guides substantially all 
radiation provided in waveguide to said absorbing region- Optionally, said guidance comprises 
guiding said radiation to have a substantially uniform cross-section along said absorbing 
10 region. 

In an exemplary ^nbodunent of the invention, said absorbing region selectively 
absorbs only some of said radiation. 

In an exemplary embodiment of the invention, said generator comprises a plurality of 
absorbing regions. Optionally, said absorbing regions are arranged along an axis of said 
15 waveguide. Alternatively, said absorbing regions are arranged in a trans-axial direction of said 
waveguide. 

In an exemplary embodiment of the invention, said multiple absorbing regions have 
same absorption characteristics. Alternatively or additionally, at least one of said multiple 
absorbing regions has a different absorption characteristics from another one of said regions. 
20 Alternatively or additionally, at least two of said multiple regions at least partially overlap. 
Alternatively or additionally, at least one of said multiple regions is selectively addressable to 
control a direction of said ultrasonic waves. Alternatively, at least one of said multiple regions 
is selectively addressable to control a frequency of said ultrasonic waves. 

In an exemplary embodiment of the invention, said waveguide is an optical fibear. 
25 hi an exemplary embodiment of the invention, said absorbing region has shaap 

boundaries. Alternatively, said absorbing region has at least one blurred boundary. 

There is also provided in accordance with an exemplary embodiment of the invention, 
a method of designing an ultrasonic generator powered by electromagnetic radiation, 
comprising: 

30 determining a desired property of a generated ultrasonic wave; and 

calculating a spatial absorbing profile of at least one transduction region of said 
generator to achieve said desired property, 
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There is also provided in accordance with an exemplary embodiment of the invention, 
a method of designing an ultrasonic generator powered by electromagnetic radiation, 
comprising: 

determining a desired property of a generated ultrasonic wave; and 
calculating at least one of a geometric characteristic and a physical characteristic of at 
least two transduction regions of said generator to achieve said desired property. Optionally, 
said geometric characteristic comprises a length of at least one of said regions. Alternatively or 
additionally, said geometric characteristic comprises a spacing between said regions. 
Alternatively or additionally, said geometric characteristic con]5)rises a number of said regions. 
Alternatively or additionally, said physical characteristic comprises an optical density of at 
least one of regions. Alternatively or additionally, said physical characteristic comprises a 
uniformity of density of at least one of regions. Alternatively or additionally, said property 
comprises a characteristic wavelength, for a given drivmg scheme. Alternatively or 
additionally, said property comprises a characteristic wavelength power spectra, for a given 
driving scheme. Alternatively or additionally, said property comprises a spatial propagation 
profile, for a given driving scheme. Alternatively or additionally, said property comprises a 
characteristic acoustic envelope for a given driving scheme. Altematively or additionally, said 
calculating is performed prior to manufacture of said generator. Altematively or additionally, 
said calculating is performed after manufacture and prior to use of said generator. Altematively 
or additionally, said method comprises effecting at least one of said characteristics by selecting 
an irradiation wavelength of said absorbing areas. Altematively, said method comprises 
effecting at least one of said characteristics by optically activating at least one of said 
absorbing areas. 

There is also provided in accordance with an exemplary embodiment of the invention, 
an acoustic generator, comprising: 

a source of electro-magnetic radiation; and 

a plurality of waveguides cox^led to said source, each waveguide defining an 
absorbing region that converts said radiation into an ultrasonic acoustic field, 

wherein said source irradiates at least two of said plurality of waveguide at a same time 
such that fields of said two waveguides interact. Optionally, said generator comprises a 
controUer, coupled to said source and operative to selectively control each of said acoustic 
fields. Optionally, said controller sets a relative phase between said two fields. 
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Ih an exemplary embodiment of the inveation, said controllesr sets a relative pulse rate 
between pulsed light provided in said two waveguides. Alternatively or additionally, said 
controller sets a relative pulse phase between pulsed light provided in said two waveguides. 
Alternatively or additionally, said controller sets a relative amplitude between said two 
5 waveguides. 

In an exemplary embodiment of the invention, said fields interact to obtain a desired 
propagation direction. Alternatively or additionally, said fields interact to enhance power in a 
certain wavelength. 

There is also provided in accordance with an exemplary embodiment of the invention, 
10 an ultrasonic generator, comprising: 

a source of electro-magnetic radiation that generates radiation having a plurality of 
propagating components; 

an electromagnetic waveguide; and 

an absorbing region in said waveguide that converts incident electromagnetic radiation . 
15 into ultrasonic waves, wherein only one of said components interacts with said absorbing 
region to create ultrasound. Optionally, a second one of said components interacts with said 
waveguide other than at said absorber to generate ultrasound. Alternatively or additionally, 
said second generated ultrasound has an intensity high enough to attack adjacent plaque in a 
blood vessel. 

20 In an exemplary embodiment of the invention, said generator comprises an optical 

acoustic detector in said waveguide and wherein an additional one of said components 

interacts with said waveguide to detect an ambient ultrasonic field. 

In an exemplary embodiment of the invention, a second one of said components exits 

said waveguide at a high enough power to interact with in-vivo biological tissue. 
25 In an exemplary embodiment of the invention, said different components have different 

polarizations. Alternatively or additionally, said different components have different 

wavelengths. 

There is also provided in accordance with an exemplary embodiment of the invention, 
an ultrasonic probe, comprising: 
30 a waveguide having an axis along which electromagnetic radiation propagates and 

defining an absorber that converts said radiation into forward propagating ultrasound that 
further propagates in a general direction of said axis; and 
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an output port tiiat outputs H^t carries in a same direction as said ultrasound. 
Optionally, said output port is fonned in said waveguide. Alternatively or additionally, said 
probe comprises a forward looking ultrasonic detector defined in said waveguide. 

There is also provided in accordance with an exemplary embodiment of the invention, 
5 an acoustic generator, comprising: 

a source of electro-magnetic radiation; 
a waveguide coupled to said source; and 

a plurality of spaced ^ait absorbing regions defined in said waveguide, 
wherein each of said absorbing region converts said radiation into an ultrasonic 
10 acoustic field. 

In an exemplary embodiment of the invention, said waveguide is flexible. Alternatively 
or additionally, said waveguide is rigid Alternatively or additionally, said waveguide is 
formed into a guidewire. Alternatively or additionally, said waveguide is formed into a 
catheter. Optionally, said catheter is a balloon catheter. 
15 BRIEF DESCRIPTION OF THE FIGURES 

Particular embodiments of the invention will be described with reference to the 
following description of exemplary embodiments in conjunction with the figures, wherein 
identical structures, elements or parts which appear in more than one figure are preferably 
labeled with a same or similar nimiber in all the figures in which they appear, in which: 
20 Fig. 1 is a schematic illustration of an ultrasoimd generating optical fiber, in accordance 

with an exemplary embodiment of the invention; 

Fig. 2A is a schematic illustration of an ultrasound generating optical fiber in 
accordance with an alternative embodiment of the invention; 

Fig. 2B illustrates the absorption of energy in the embodiment of Fig. 2A as modified 
25 by reflection, in accordance with an exemplary embodiment of the invention; 

Fig. 2C illustrates the absorption of enea^ in an exponential absorber, in accordance 
with an alternative exemplary embodiment of the invention; 

Fig. 2D illustrates the absorption of energy in a discrete-step absorber, in accordance 
with an altemative exemplary embodiment of the invention; 
30 Figs. 3A and 3B illustrate the effect of using two side-by-side optical fibers on the 

resulting acoustic field pattern, in accordance with an exemplary embodiment of the invention; 

Fig. 4 illustrates a single optical fiber with multiple light absoibing areas, in 
accordance with an exemplary embodiment of the invention; 
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Fig. 5 illustrates an optical ultrasonic system, in accordance with an exemplary 
embodiment of the invention; 

Fig. 6 illustrates the use of a fiber-optic ultrasound source as a guidewire, in 
accordance with an exemplary embodunent of the invention; 
5 Fig. 7 illustrates the use of a fiber-optic ultrasoimd source for ultrasonically markmg an 

invasive tool, in accordance with an exemplary embodiment of the invention; 

Fig. 8 illustrates a multi-element i>robe, in accordance with an exemplary embodiment 
of the invention; and 

Fig. 9 is a ffaph illustrating experimental results of a device constructed in accordance 
10 with an exemplary embodiment of the invention. 

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS 
Fig. 1 is a schematic illustration of an ultrasound generating optical fiber 100, in 
accordance with an exemplary embodiment of the invention. Fiber 100 includes a body 102 
through which a pulse (or train of pulses, or another waveform such as a saw-tooth or 
15 Graussian form) of electro-magnetic radiation 104 (indicated by an arrow), for example infra- 
red, ultraviolet or visible light, propagates. At least some of the illumination is absorbed by an 
absorber 106, Ihereby heating it and causing it to expand abruptly and emit an ultrasonic wave. 
This wave is typically a multi-spectral wave. As explained in the following, however, the 
spectrum and/or direction of the wave may be manipulated. 
20 Potential advantages of using guided-volumetric absorption are: 

(a) The generating radiation can be guided through the absorption process and is 
thereby confined laterally. Lateral spreading of flie generating wave througih the absorption 
process as would occur in unguided situations where the beam diffracts and expands, can 
generally be prevented. The radiation power density is therefore diminished only due to the 

25 absorption process and not as a result of beam-spreading; 

(b) The absorption can be spread over a greater depth of the target and can therefore 
generate a more controlled ultrasonic wave; and/or 

(c) The use of volume absorption allows for potentially better control of the resulting 
acoustic waveform, for example by variation in the degree of absorption within the absorbing 

30 region. 

The ultrasonic wave generated in the absorbing region is essentially the shock wave 
generated by thermal shock due to the abrupt heating of the absorbing medium. The 
characteristics of the acoustic signals generated using this thermo-elastic regime possibly 
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derive primarily from the temporal characteristics of the deposited electro-magnetic energy 
and/or from the geometrical fonn of the heat deposition the heat-dissipation properties of the 
suiroimding medium. For simpUcity, various effects, such as the convection and ladiatian of 
heat away from the heated region and the direct couplmg of tihe acoustic and dectro-magaetic 
phenomenon, are neglected. Also for simpUcity, only the initial acoustic signal, before it is 
distorted by traveling through the surrounding medium, is considered, and only the 
contribution due to tiie linear response of the material is inchided. It should be clear that none 
of these assumptions and/or limitations are critical for actual operation of the invention and 
they are provided only for simphfying the presentation and for simpHfied initial calculation. 

Under these assumptions the displacement of the gen^ated ultrasound can be 
represented as: 

u„(X,t) = aT(3A- + 2^) 0(tt)S«*Ghdj(4.t;X,O)dV (1) 

Where 

Uk(X, t) is the ultrasonic displacement in the three orientations, k. 

ar is the linear thermal expansion coefficient of the material 

(3 A, + 2 |i ) are the Lam6 constants of the material 

© t) is tiie instantaneous heat distribution across the heated region 

5 is the Kroneker delta function 

* denotes convolution in time 

Gidj (£,, t; X, 0) is flie derivative of the Green's function in the j direction 
and the integration is performed over the entire heated region. As will be described below, the 
heated region may be non-uniform or discrete. Alternatively or additionally, for example as 
described below, even a uniform region can be heated m a non-uniform manner, for example 
by using wavelength addressing to selectively address different parts of an absoibiag region 
with different energy levels. 

The frequency response of the absorber includes various spectral components, as 
described below, for simplified cases. In a practical implementation, the spectral components 
may be somewhat dififerent, however, the following discussion may be used as an aid in 
defining the number and oflier properties of absorfjing areas, in accordance with exemplary 
embodiments of the invention. 
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The leading-edge of the Green's fimctions for displacements is characterized by an 
abrupt step singularity (Pekeris in Proc. Acad. Sci., 41, pp. 469-480 and pp. 629-639, 1955), 
causing the leading edge of ultrasonic signal reflect the temporal distribution of the deposited 
electro-magnetic pulse. 

5 Taking a typical laser pulse with a rise-time on the order of 10 nanoseconds, and, for 

example, a glass material (for body 102) with a relatively poor heat conduction, the thermal 
shock, and the resulting acoustic disturbance corresponds almost entirely to the laser-pulse 
transients, and the initial acoustic wave comprises of the frequency spectrum resulting &om a 
transient excitation of 10 ns. This is a broad-band excitation with a center-frequency on the 

10 order of 30 MHz. 

The temporal width of fhe longitudinal component of the ultrasound, as observed in the 
Green's fimctions, is on the order of less than 0.01 r/c, where c is the ultrasonic velocity and r 
the distance of the source from the observation point. For example, if a Gaussian laser pulse of 
10 ns width is used for the generation in glass at a distance of 1 mm, the leading edge of the 

15 ultrasonic pulse would be on the order of 5 ns. Similarly, for this distance, the contribution of 
the width of Greens's function is approximately 0.01x1 nun/6,000 m/s = 1.7 ns, so the pulse 
width for a point-source generator is on fhe order of the electro-magnetic pulse width. It is 
expected that a bi-polar pulse be generated, the contribution is in the form of the derivative of 
Green's function. 

20 Taking into account the volume of the genemtor, the temporal shape of the initial 

ultrasonic pulse may be characterized by the convolution of the electro-magnetic pulse shape 
and the geometry of the heat source, either one of which may be controlled and/or designed, in 
accordance with exemplary embodiments of the invention. Considering a square source cross- 
section of width of 1 mm, one obtains an ultrasonic wave with two main features — the bipolar 

25 pulse ensuing from the edges of flie illuminated region, with a width commensurate with that 
of the electro-magnetic pulse, and a residual ultrasound pulse corresponding to the width of 
illuminated region (this is due to any asymmetry in the bi-polar Green's function derivative). 
Consequently two major frequency components are observed - a pulse witti a time width 
comparable to the width of the electro-magnetic pulse, and a central component with a 

30 wavelength comparable to the widtti of the heated volume. 

For example, a single region of width w is expected to generate ultrasound with a 
central frequency for which w corresponds to half an acoustic wavelength. For example, in 
glass, with acoustic velocity of nearly 6,000m/s, a uiuformly illuminated absorbing region of 
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breadth w='Ax6,000/30 MHz = 0.1 mm (and odd multiples thereof) reinforces the first 
wavefront ensuing fiom the first thermal shock fiont with the wavefiont, of opposite sign, 
ensuing firom the opposite edge of the thennal shock font. In another example, for a glasi 
target and 1 mm illumination, this corresponds to a central frequency of fi=2c/ w ^ 2x 
6,000m/s/lmm = 12MHz. The relative strength of this component as compared to that ensuing 
from the edges depends, inter alia, on the Ihennal gradient at the boundary of the thennal 
source: the sharper this gradient the stronger the contribution of the edge component in the 
signal; conversely as the thennal boundary becomes more gradual or bhirred, the lower 
frequency contribution of the width of the source increases in importance. As discussed below, 
the attenuation of the generating electromagnetic radiation as it travels along the absorbmg 
region, introduces a gradual boundary to the region and effectively strengthens the relative 
low-frequency component generated. Maintaining the absorbers short (small vakies of w), as 
drawn in Fig. 1, enhances the relative strength of the higher frequency conq)onents in the 
generated ultrasound. 

In an exemplary embodiment of the invention, at least one additional absorbing region 
108 is provided distal of absorber 106 to absorb at least some of die light (if any) that is not 
absorbed by absorber 106. Li an exemplary embodiment of the invention, the distance between 
die absorbers, a, and then- extent in Ihe axial direction, serve to design the desired ultrasonic 
characteristics of the resulticng waves as discussed below. 

hi an exemplary embodiment of the invention, a low frequency component is generated 
by increasing the length of the absorbing region in the fiber and'or using a series of suitably 
spaced heating regions. For example, to generate a 600KHz acoustic signal, a series of regions 
of length w=m and a similar spacing can be used. In a glass waveguide. m= 'Adf'^ 'A >^ 
6. OOOm/smOKHz ^ regions 5 mm m length may be used. In general, the spatial distribution 
of heated volume is related to a Fourier Transfonn of the resulting speclrmn, depending on die 
envelope of the illumination. Increasing the number of absorbers narrows the width in the 
Fourier plane and the resulting spectnmi of tiie signal. As the boundaries of the absorbing 
regions are made more gradual the high-frequency components are reduced. Similarly, 
introducmg a monotonically changing region spacing and length results in a time-variable 
spectrum or chirp signal. Consequently, to remforce a particular frequency conq,onent in the 
generated acoustic wave, the spachig, a, between the absorbers has to conespond to the 
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acoustic wavelength of that component. This is shown schematically in Fig. 1 where absorbers 
106 and 108 are spaced by X — the acoustic wavelength. 

If thin absorbing volumes are used, they may each generate a very high intrinsic 
acoustic frequency, as determined by their geometrical width and the rise-time of the 
generating electromagnetic pulse. For example, for a 10 ns rise-time pulse, and an absorber 
that is narrower than say 0.01 mm, can give rise to ultrasonic components at 300MHz or more. 
The distance between the absorbing regions determines a lower frequency, with a generally 
lower power. If , as in Fig, 2A the absorbing region is wide, the lower frequency component is 
stronger. Optionally, the lower frequency component is made to dominate the waveform by 
providing a gradual change of absorption in at least part of the absorbing region boundary. In 
this manner the edge effects are subdued and the volumetric effects over the extent of the 
absorbing region, dominate. In an exemplary embodiment of the invention, the boundary area 
may comprises a linear increase in optical density over a length that is, for example, 1%, 5%, 
10%, 20% or any smaller, intermediate or greater percentage of the length of the absorbing 
region. 

Optionally, a reflector 110 is provided distal of absorber 108, for example, at a tip of 
fiber 100. This reflector returns light that passed absorbers 106 and 108, to be absorbed by the 
absorbers. Alternatively, absorber 108 is a total absorber of all the li^t and reflector 110 can 
be omitted. In an exemplary embodiment of the inv«ation, to reinforce a particular frequency 
component in the generated acoustic wave, the distance betwera the last absorber 108 and the 
reflector 110 should correspond to half the acoustic wavelength of that component. This is 
shown schematically in Fig. 1 where absorber 106 and 108 are spaced by and acoustic 
wavelength, a=A, while the distance between absorber 108 and the reflector 110 is half that 
value, a/2-^2. 

In the reflector embodiment, the acoustic signal will have two sets of super-imposed 
components, two due to the absorption of electro-magnetic wave on the forward travel, and 
two due to the backward travel of the electro-magnetic aiter reflection from the tip of the 
waveguide which is fidly reflective; as the speed of electro-magnetic radiation is very much 
larger than that of the ultrasound, tiie two sets of acoustic waveforms si^er-impose, optionally 
compensating for the decay of the incident electro-magnetic power with distance. The second 
absorption region receives reduced incident power due to tiie absorption in the first region, but 
on the return pass the situation is reversed. As the absorbing regions are suitably spaced, and 
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their degree of absorption can be controUed, the relative intensities of the four components in 
this case can be designed to suit the plication. One potential advantage of this ^proach is 
the ability to generate a unique acoustic waveform that can be readily identified by its specific 
characteristios in the system. Another potential advantage of this approach is the abiKty to 
generate a more umform acoustic waveform as compared to other arrangements where the 
acousto-optic interaction is confined to a small region or a boundary layw. 

Ja an exemplary embodiment of the invention, fbe absorbing regions are dichroic, 
pennitting the transfer of a second electro-magnetic wavelength. As noted below for various 
embodimaits, this allows the size, number, location and/or intensity of ttie absorbmg regions 
to be controlled ui real-time or prior to use of tfie system, by having participating absorbing 
volumes being selected by wavelength. The combination of source parameters including the 
dimensions of the absorbing regions, the degree of absorption and the distribution of the 
absorption profile within the absorbing region, the separation of the regions and the intensity 
and rise-time of the graierating radiation pulse or pulses, controls the characteristics of the 
ensuing ultrasonic waveforms. It is thereby possible, by judicious choice of Ihe above 
parameters to control the directionaUty and direction, the firequraicy content, the overall 
envelope and the intensity of the generated signal, by design and/or by selective manipulation 
of various illumination paramelsrs. 

As noted above, the relative absoiption properties of absoibras 106 and 108 and/or the 
reflective properties of the mirror maybe used to achieve a desired spatial absoiption profile in 
the fiber. Optionally, for the same or a different purpose, at least one of the absorbers does not 
cover the entire cross-section of the fiber, to allow a predetermined portion of the fight to pass 
and possibly be absorbed and/or reflected at a later time. Alternatively, fbs absorbing area is 
polarization dependent, for example itself acting as an absorption polarizer, so that it only 
absorbs one component of Ught polarization. An absorber may be one or more of dichroic, 
polarization dependent and spatially varying in the cross-sectional direction. 

In an exemplary embodiment of tiie mvention, the absorbmg regions are defined inside 
the fiber, for example, by doping a material (e.g., glass) of which the fiber is made or by 
introducing deliberate damage, applying stress or otherwise modifying the material continuum 
or uniformity. Alternatively or additionally, the fiber is cut and spliced with an absorbing fiber 
section (e.g., a colored or polarizing fiber) and/or an absorbing material section, for example a 
plate colored material or a linear polarizer, which are optionally coated with a cladding. For 
example, for near-IR radiation doping witii and absorber such as CuS04 produces the desired 
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absorption region. This may be introduced into the fiber by splicing an nndoped fiber with 
section of a similar fiber with such doping. 

For clarity, cladding of fiber 100 is not shown in Fig. 1. In some embodiments of the 
invention, absorption is provided in the cladding, for example, by replacing a section of the 
cladding with an absorbing material. Alternatively or additionally, the refi-active index of the 
cladduig is modified to allow some light to leak out and be absorbed by an absorber outside of 
the fiber. A potential advantage of this type of mechanism is that some patterns of absorbing 
regions may be easier to manufacture outside of a fiber. Sucbi a change in the cladding may, 
however, cause dispersion problems in the fiber, which are expected to be insignificant in 
many cases. 

Fig. 2A is a schematic illustration of an ultrasound generating optical fiber 200 having 
a body 202, in accordance wiflh an alternative embodiment of the invention. Unlike fiber 100 
(Fig. 1), fiber 200 utilizes an ^tended absorber 206 that has a length close to X/2 (half the 
desired central acoustic wavelength) to maximize the generation of the desired acoustic 
fi^quency component. Other lengths may be used as well and depend, inter alia, on the 
existence of a nearby fiber end and/or a reflector. In an exemplary embodiment of the 
invention, a ligjit pulse indicated by an arrow 204 is absorbed along absorber 206. Optionally, 
a mirror 210 is provided to reflect xmabsorbed light back along absorber 206. The length of the 
absorber here can approach 7J2. Using flie same parameters as before, the length of the 
absorber would now be some w=i6><6,000/600KHz = 5 mm for generating a strong 600E^Hz ' 
component Note that, although Figure 2A shows region 206 at the tip of the fiber, it can 
equally weU be located at a distance from the fiber tip. 

In an exemplary embodiment of the invention, for example, in fiber 200 or in fiber 100, 
multiple reflections through the absorbing regions are provided to make the generating region 
more unifonnly excited. In one example, the arriving wave 204 is passed through a polarized 
beam splitter 212 and then through a quarter wavelength plate 214. In operation, incident light 
in one polarization, is transmitted through beam splitter 212, rotated 45** by wave plate 214 to 
form circularly polarized ligjit and on reflection &om the mirror at the end of the waveguide, 
rotated again to become incident on splitter 212 in an orthogonal polarization state. Therefore 
the incident beam traverses the absorbing region twice before it is rotated to the original 
polarization and leaves the volume. In some embodiments of the invention, the fiber itself is 
made with special polarization properties, for example, being polarization preserving. 
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This reflection mettiod reduces somewhat the non-uniformity found in relatively large 
absorbing regions due to the decay of the Ulumination as it propagated. When the illumination 
is reflected to travel again througji the absorbiDg region the absorbed intensity on the forward 
pass decays in the forward direction while the absorption on the reverse pass decays in the 
opposite attitude thereby forming a more uniform overall acoustic energy source. This is 
useful, for exanq)le, for lower-frequency generation where the length of the absorbing region 
corresponds to the dominant acoustic wavelength generated. Lower frequency US maybe used 
for ablation of plaque and unwanted tissue where the iacident en^gy has to be designed to 
generate sufficient cavitations or mechanical resonance of the target; typically lower 
frequencies are used for this purpose. 

Fig. 2B shows the effect of reflection on the uniformity of energy absorption. 
Reference 220 shows forward and backward propagating light 222 and 224 (in a two pass 
example). Reference 230 is a graph showing, super imposed, relative forward radiation 
absorption 232. relative backwards radiation absorption 234 and total radiation absorption 236. 
The total absorption corresponds to the actual intensity of emitted ultrasonic radiation. 

Optionally, the density of absorber 206 varies in a manner that takes into account Ihe 
reduction wave amplitude and/or reflection, so that thranal heating is miiform or has a 
different desirable form. For example, to generate a side-looking coraponent at an off- 
perpendicular direction, a decaying distribution can be used. Another example is a sinusoidal 
absorption characteristic (whether strictly or piece-wise sinusoidal) for reinforcing the 
generation of a certain acoustic frequency. 

Fig. 2C illustrates the absorption of energy in an absorber having an exponential 
absorption coefficient, in accordaace with an alternative exemplary embodiment of the 
invention. Reference 240 shows absorber 206 within a waveguide with an exponentially 
graded absorption 244, for absorbing forward traveUng light 242. A graph 250, shows an 
absorption density 252 increasing exponentially, so that when interacts with the actual beam, 
the result is uniform absorption of energy 256 along absorbing region 206 and therefore a 
relatively uniform energy distribution. 

The uniformly varying absorption profile of Fig. 2C may be relatively difBcult to 
manufacture, hi an exemplary embodiment of the mvention, the exponential profile is 
approximated by a discrete series of individual absorbers, each with a possibly uniform 
absorption profile and adjacent or spaced apait. Fig. 2D illustrates the absorption of energy in a 
discrete-step absorber, in accordance with an alternative exemplary embodhnent of the 
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invention. Absorber 206 comprises a plurality of absorbers 264, each with a different 
absorption coefScient, for exainple, with an exponential increasing coefficient between the 
absorbers. Although the absorbers are shown in contact with each other, they may be spaced, 
for example by an absorption-free waveguide portion. A graph 270 shows a piece-wise 
5 approximation to the exponential absorption profile 272, with a resultant energy deposition 
276 that is substantially spatially uniform, e.g., with small variations. 

In an exemplary embodiment of the invention, only a small number, such as 2, 3 or 4 
absoifaers are provided, for example. Reflectors may be provided, of course in the 
embodiments of Figs. 2C and 2D. Alternatively, a larger nxmiber of absorbers, such as 10, 20 

10 or any intermediate smaller or larger number, may be provided. 

The apparatus described above can be used to generate ultrasound for many different 
applications, of which several examples are: ultrasonic treatment; ultrasonic ablation; indirect 
heating using ultrasoimd; sonophoresis; ultrasonic monitoring of various parameters, such as 
thiclmess or depth; ultrasonic characterization of a target material and/or for imaging; and 

15 photo-acoustic imaging or characterization of a target material. Optionally, as described below, 
a plurality of different ultrasound sources are provided. 

In an exemplary embodiment of the invention, the Ught source is laser light, optionally, 
firom a wavelength tunable laser. We note that the choice of laser light is a matter of 
convenience only and since, in some embodiments, there is no requirement of the coherence of 

20 the source, a flash lamp or other optically gated light sources are viable alternative sources. 

In an exemplary embodiment of the invention, the absorbers are wavelength selective. 
For example, laser treatment light passes through substantially unaffected while laser for 
ultrasound generation is absorbed. Alternatively to treatment, . the transparency to some 
wavelengths may be used for optical operations, such as providing light illumination and/or 

25 detecting Ugjit 

In an exemplary embodiment of the invention, ultrasound detection uses acousto- 
electric or peizoelectric transducers (not shown) mounted near the tip of fiber 100. 
Alternatively, optical means are used to detect acoustic waves, hi an exemplary embodiment of 
the invention, acoustic signals are detected using an opto-acoustic interaction with an 
30 acoustically sensitive optical material provided in the fiber. In an exemplary embodiment of 
the invention, a detection beam travels througji the fiber and passes through an acoustic 
sensitive material incorporated in or adjacent to a reflector at the tip of the fiber. The 
acoustically sensitive material may be the same material used for ultrasoimd generation or it 
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may be separate. la an exeiiq)lary embodiment of the invention, a bireftingent material (not 
shown) is provided near reflector 110 as a detector so that a reference beam of light havrag a 
wavelength not absorbed by the absorbers, is affected by changes in the birefringence that are 
dependent on stress in the fiber (e.g., stress fiom externally impinging acoustic waves). 
Alternatively, the fiber as a whole may be birefiringent whether by design or inadvertently by 
the production processes. Alternatively or additionally, other optical detection methods may be 
used, to demodulate the effect on fee sensing wavelength or wavelengths, for example, such as 
Fabry Perot resonator, Polarimetric measurements, Interferometry of various types (e.g., 
homodyne, heterodyne, speckle, Fucou, Sagnac, hologr^hic), Bragg-grating spectral analysis 
and/or other optical demodulating methods known to the art The demodulation can be 
implemented entirely Avithin the fiber, or optionally, some or all of the demodulation means 
can be situated external to the fiber, for example, in a controller external to the fiber (e.g., 
controller 506 described below). 

Altematively or additionally, the boundaries of the absorbing regions act as partial 
reflectors that are displaced by the impinging acoustic waves. This displacement generates an 
inference pattem in the detection light, which may be read out, for example, by the controller 
using optical demodulation techniques and/or signal processing methods known in the art 
Altematively or additionally, reflector 110 may be moved by the acoustic waves, to modulate 
the sensing wavelength, for example by generation of an interference pattem. In an exemplary 
embodiment of the invention, the displacement and/or compression of the tip of flie fiber 
which is immersed in an acoustic field is detected by its effect on a detection wave that is 
reflected from the fiber tip. The reference wave used for detection may pass through the 
absorbers (completely or partially) or it maybe reflected before the absorbers, for example, by 
beam splitter 212 (e.g., having a different polarization), thus allowing a same wavelength to be 
used for generation and detection. Detection may be provided at one or more other points 
along the fiber in addition to or instead of the fiber tip. An alternative to a reflecting surface is 
a reflecting grating or phase array or scattering array that may be impressed into the fiber 
material by a variety of methods, including, for example, laser etching. 

The shape, location and/or activation of the absorbing regions in one or more nearby 
fibers can be used to achieve various effects, especially, beam aiming, enhancement of a 
particular spectral component within the generated ultrasound and/or otherwise selecting a 
frequency spectrum. 
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Figs. 3A and 3B illustrate the effect of using two side-by-side optical fibers on the 
resulting acoustic field pattern, in accordance with an exemplary embodiment of the invention. 
Such multiple fibers are driven as a phased array, in some embodiments of the invention. In 
other embodiments of the invention, the fibers are driven as a mono-pulse system as e^qilained 
5 below. Fig. 3A (reference 300) shows a side-view of two fibers 302 and 304, for example of 
the type shown in Fig. 1 or ia Fig. 2. The two fibers are separated by a distance L, which may 
be constant or vary along the ultrasound emitting areas. Fig. 3B (reference 306) is a firont view 
of the two fibers. In the example shown, the two fibers are driven in phase, so that the main 
lobes of the generated acoustic waves are directed along the normal to the centerline of the 

10 fiber array at 0° and 180^. Only the 0° lobe is shown, for clarity. Other relative phases effect 
other beam directions, hi an exemplary embodiment of the invention, one of the lobes is 
blocked, for example, by an absorbing material 310 (depicted in the figure as a block of the 
lobe at 0° ), so that essentially one, directional beam ensues firom such a two-fiber probe 
assembly. Alternatively or additionally, part of a lobe may be blocked. Alternatively or 

15 additionally, a plurality of fibers are arranged in an array, for example, a two dimensional 
array, such as a hexagon or a linear array, allowing a finer control over the beam direction. 
Optionally, the dififerent fibers of the array are driven with controlled light intensities to effect 
simidtaneous phase and/or amplitude control. 

In an exemplary embodiment of the invention, the multiple fibers are used for phased- 

20 array type or mono-pulse type detection of acoustic fields. In mono-pulse detection, the field at 
each fiber is detected separately and/or each source is activated separately and then the results 
are processed together. In the two-sensor example of Fig. 3, this amounts to three 
measurements — one with the first fiber only, one with the second fiber only, and one with both 
fibers activated simultaneously. As the ultrasonic beam patterns diflfer for each of these 

25 measurements (e.g., due to their covering different areas/angles), a target reflects at different 
intensities in each measurement. The differences in the measured intensities be can related 
back to obtain information on the spatial location of the target, for example using methods 
well known in the art of radar. 

In another example, ultrasonic beam directivity is obtained by introducing fibers with 

30 preferred ultrasound emission directions, for example using absorbing cladding covering most 
of the angular range of each fiber except for a specific designated emitting angular window. 
Active sweeping may also be obtained, for example, by changing the phase diffidence between 
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fibers in a jSber pair. Various directionality properties may also be achieved by varying the 
relative intensity of the irradiation of the two fibers. 

Fig. 4 illustrates a smgle optical fiber 400 having a body 402 with multiple light 
absorbing areas 404 (e.g., 2, 3, 4, 5, 6 or more regions) and an optional tip region and/or 
reflector 406, in accordance with an exemplary embodiment of the invention. In an exemplary 
embodiment of the invention, the absorbing areas are selective to different wavelengths. Thus, 
the location of ultrasound emission is dependent on the wavelength used. Altematively or 
additionally, multiple absorbing areas are excited, to provide relatively long ultrasonic sources 
(e.g., for heat treatment or for generating low fi-equencies). Altematively or additionally, 
multiple wavelengths are used simultaneously, possibly at different pulse rates and/or relative 
phases. Thus, a plurality of ultrasound sources can be created at desired relative phases and 
pulse rates, allowing various interactions between the sources to be provided. Altematively or 
additionally, the signals fixsm these sources can be distinguished during detection, possibly 
using a single detector, for example, based on diffeient pulse rq)etition rates, pulse envelopes 
and/or firequencies of the different sources. 

In an exena5>lary embodiment of the invention, by selecting the location of excitation, 
the direction of a beam, relative to the axis of the fibers, in a multiple-fiber arrangement can be 
controlled. Altematively or additionally, each location 404 is a polarization dependent 
absorber (e.g., a polarizer) and the ultrasonic source location is selected by changing the 
polarization altematively or additionally to changing the wavelength. For example, if two 
absorbers with perpendicular polarization axes are provided, sending li^t with the 
polarization of the first absorber, wiU allow the light to pass the first absorber and be absorbed 
by the second. The absorbers may also be wavelength dependent and/or have non- 
perpendicular polarization axes. 

In some embodiments of the invention, various *'addressing'* schemes may be used, in 
which certain pulses are directed to certain absorbing regions, based on previous pulses. For 
example, if photo-activated absorbers are provided, one wavelength (e.g., ultraviolet) can be 
used to "activate" an absorber by changing its absorption characteristics, and a second (e.g., 
high-energy pulse) will then be absorbed and used to generate the ultrasound. For example the 
material sold as ^'Photogray'', used in sunlight accommodating eye-glasses, can be used- 

In another example, the absorber is wavelength-dependent along its cross-section, 
exhibiting a different behavior on different parts of the cross-section; again, this may be used 
for beam forming. Altematively or additionally, some of the cross-section is transparent to 
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allow light to pass on along the fiber. Alternatively or additionally, for example in larger, 
multimode fibers some of the cross-section absorbs one wavelength of light and some a 
different wavelength of light The regions may have different lengths and/or they may overlap 
in cross-section. It should be noted that providing absorption of different wavelengths at 
5 different sectors of a cross-section is fiinctionally equivalent, in some applications, to 
providing multiple fibers. 

In a more generalized manner, the interaction between multiple sources can be 
analyzed with respect to two major axes, the radial and the axial. 

In the radial direction the presence of a second ultrasonic source and the resulting 

10 acoustic field corresponds to that of a dipole axial source. A separation, a, between the sources 
(as shown in Fig. 1) detennines the directionality of the different frequency components of the 
combined generator. It should be appreciated fliat a is related to a phase difference between the 
two sources, which may also depend on frequency and on an imposed phase difference in 
driving the sources. As noted above, phasing the source activation in real-time allows for a ^ 

IS real-time variation in the parameters of the acoustic beam, including for example an angular 
sweeping of the beam. The directionality of the combined elements is often strongly frequency 
dependent and therefore, since the sources are typically broad-band, a spectral analysis of the 
detected components relates to different radial directions of the system. In one embodiment of 
the invention, this information can be used to generate an image with its circumferential pixel ' 

20 elements being detected at different frequencies. Alternatively, frequency division of frmctions ' ^ 
can be effected. For example, ft>r a simple source, low frequencies (e.g., for treatment) 
propagate perpendicular to the axis of the sensor array, while high frequencies (e.g., for 
imaguig and/or treatment) propagate at an angle to this direction. For example, as the 
frequencies increase such that the separation a approaches half an acoustic wavelength, the 

25 main ultrasound beam will be directed further and further off this direction approaching, at the 
limit, the direction along the axis of the array. 

Along the axial direction the separation of the individual absorbing regions carries a 
different significance — source separations in multiples of an acoustic wavelength will 
reinforce, while others will destruct; consequently, depending on the ntimber of sources, a 

30 frequency and/or spatially narrower band signal is generated at certain pre-detennined 
frequencies. As should be appreciated, such a signal can also be stewed in tiie azimuth 
direction, in accordance Avith exemplary embodiments of the invention. 
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In an exemplary embodiment of the invention, the physical and/or geometrical 
characteristics of the absorbing regions are designed mathematically^ e.g., based on wave 
generation and propagation equations. Alternatively or additionally they are designed 
iteratively, using real and/or a simulated model 

Fig. 5 illustrates an optical ultrasonic system 500, in accordance with an exemplary 
embodiment of the invention. In an exenq>lary embodiment of the invention, a probe 514 
comprises at least one optical fiber 516, such as those described above, that includes an 
ultrasound gen^ating and/or detecting tip 518. Light for generation of ultrasoimd and/or 
outputting a beam of light at tip 518 is provided by one or more light sources 508, for example 
a laser soxux^e and/or a flash lamp. In the case of a flash lamp, a filter with one or more spectral 
pass regions may be provided, for generating a desired spectrum. 

The light &om the sources is then optionally modulated (e.g., to provide a pulsed 
source or a different envelope, such as saw-tooth, sinusoidal or one that relates to the desired 
acoustic waveform) by a modulator and delay source 510, The delay or pulsing phase 
difference between different Ught beamus may be used, for example, to control a beam 
direction. In some embodiments, the source is self-modulated (e.g., a pulsed laser). 

It shoiHd be noted that in many embodiments of the invention a probe 514 can 
comprise only a single fiber, with a relatively small diameter. Optionally, this fiber is coated 
with various materials, such as anti-coagulants and bio-compatible polymers. Alternatively or 
additionally, a hoUow waveguide is used. 

In some embodiments of the invention, multiple fibers and/or multiple sources are 
used. In these a coupler or switch 5 12 may be provided for coupling the light to probe 514 and 
couple detection light from probe 514 to a detector 504 (if necessaiy). The generation and 
detection of light may be coatroUed, for example, by a controller 506. Optionally, a computer 
(e.g., a microcontroller) 502 is provided, for example, for a user interface and/or for storing 
recorded signals, images and/or other data. 

An external device 520, for example, an imager, a soxmd source and/or a treatment 
device may be coutroUed by controller 506. In an exemplary embodiment of the invention, the 
imager is used for reconstructing an image based on acoustic radiation provided by probe 514. 
Such reconstruction may be, for example, based on detection of transmission and/or reflection 
radiation, as known in the art. Alternatively or additionally, the imager is used to detect the 
position of probe 514. An external ultrasound source maybe used instead of or in addition.to a 
sound source in probe 514, with probe 514 being used for detection of the sound and providing 
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an image or other information. A separate treatment device may be controlled by the computer 

to treat about probe 514, for example, to remain aimed at probe 514 and/or usmg information 

or an image from probe 5 14. Alternatively, manual coordination may be used. The system may 

also be employed for photo-acoustic imaging where an independent sensor (possibly utilizing 

5 the same or a similar optical fiber) msqps the temperature of the object under test as the probe 

tip is scanned through various positions. 

Depending on the exact implementation, one or more of the following features may be 

provided in system 500: 

(a) Generation of ultrasonic waves for heating tissue, for example, using lower 
10 frequency ultrasound and/or ultrasound generated along a significant length of probe 514. 

(b) Generation of ultrasonic waves for fragmenting plaque, stones or other unwanted 
tissue. Again, lower frequency ultrasound, possibly in a forward direction, may be used- 
Suitable frequencies and power levels are known in the art 

(c) Generation of ultrasonic waves for imaging, e.g., narrow bandwidth or wide • 
15 bandwidth, of various frequencies. 

(d) Generation of a specialized waveform of ultrasonic waves, for exanrple a train of 
pulses at well-controlled intervals, or a chirp. For example, a series of absorbing regions are 
spatially spaced in order to generate the desired temporal behavior of the ultrasonic wave. For - 
example a train of ultrasonic pulses is obtained by a sequence of relatively thin absorbers. The 

20 thickness of the absorbers corresponds to the width of each pulse and their separation 
corresponds to the spacing between the pulses. Using monotonically varying separations and 
absorber lengths can generate a chirp waveform. 

(e) Provision of a forward- or side-looldng (e.g., tising an angled mirror in or adjacent 
the fiber) laser light. 

25 (£) Detection of acoustic radiation. 

(g) Usage of fiber 516 as a different type of detector for a variety of parameters known 
in the art of optical fiber sensors, for example a temperature sensor, a presstire detector, 
electric or magnetic field sensor or chemical sensor. 

(h) Generation of directional or omni-directional acoustic fields, for example for 
30 effecting sonophoresis for enhancing absorption of pharmaceuticals provided near and/or by 

probe 514. 
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(i) Generation and detection of ultrasonic waveforms for characterization of tiie target 
material or dimensions, for example based on spectral reflection or other methods known in 
the art of ultrasonic characterization. 

(j) Generation of periodic acousto-thermal signals for imagitig and characterization of a 
5 target in methods known in the art of photo-acoustic imaging and charactmzation. 

Thus, system 500 (optionally in conjunction with an extemal device 520) can be used 
for one or more of the following applications: US plaque ftagmentation; laser plaque removal 
and monitoring; artery dimension monitoring; intra-body measurements and imaging (for 
example using A-mode and/or Doppler); and^or drug delivery enhancement Probe 514 can be, 
10 for example, a catheter or an endoscope. In an exemplary anbodiment of the invention, probe 
514 includes an inflatable distal portion, for exanaple a balloon, to ensure contact with 
surrounding tissue and/or to fix the gaze direction of probe 514. 

Fig. 6 illustrates the use of a fiber optic ultrasound source 600 as a guidewire, in 
accordance with an exemplary embodiment of the invention. A guidewire is widely used in 
15 coronary procedures and is typically characterized by having a small diameter, and sufficient 
flexibility to negotiate the bending in the arteries or other ducts it is introduced into. While 
some energy may be lost at small bending radii, this is generally not a problem as sufficient 
energy may be provided firom outside the body. For this plication source 600 is optionally 
enclosed in a suitable protective jacket. The resulting device may be made of similar 
20 dimension as a standard guidewire and handled with the same procedure, with the significant 
advantage of potentially offering ultrasonic sensing. Such sensing may be used, for example, 
for viewing branches in blood vessels during navigation and/or for detecting a stenosis area, 
and/or for measuring a vessel's dimensions. This advantage alleviates the need to alternately 
introduce different surgical tools to the treated region, as is state of the art: the guidewire 
25 serves to mechanically guide the medical treatment devices - such as stent applicators. It can 
thereby eliminate the need for applying additional imaging and/or diagnostic tools. 

In an exemplary embodiment of the invention, guidewire 600 comprises a single (or 
small number) of fibers 602 having one or more absorbing regions 604 defined along its 
length. Optionally a tip 608, for example, a flexible tip or a diBferent type of tip as known in 
30 the art of guide-wires is provided at a distal end of guidewire 600. Regions 604 may be used 
for generating ultrasound, for example, to be detected on an extemal (or another implanted) 
imager. Alternatively or additionally, regions 604 are used for imaging sideways or forward 
and/or for detecting distances and/or obstructions. In the case of a guidewire, viewing in A- 
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mode, of a single pixel distal of the guidewire tip may be useful, for example, for detecting 
forks in vessels, detennitiing a depth of plaque and characterizing its components. Optionally 
the guidewire is used for measurements for example vessel diameter, wall-thickness and 
stenosis type and/or thickness, which may be useful, for example, in selecting a suitable stent 
5 for implantation. 

In an exemplary embodiment of the invention, guidewire 600 is used to carry a stent 
and/or a PCTA balloon, which maybe mounted on the guidewire or conveyed along it. 

Another use of the potentially small profile of a fibber optic acoustic source is using a 
fiber as a marker or beacon, for example, for indicating a tool on an ultrasoimd image or for 

10 showing its future path. In this use, the fiber is typically used as a beacon, for exanaqple a point 
beacon or an elongate (e.g., multi-point) beacon. Alternatively, the vibration of the fiber is 
used to create a Doppler shift in incident radiation. In an exemplary embodiment of the 
invention, the wavelength of generated idtrasound is made to match that of the imaging system 
(e.g., 520 of Fig. 5) so that the beacon is clearly distinguished, 

15 Fig. 7 illustrates the use of a fiber optic ultrasound source 700 for marking an invasive 

tool 702, in accordance with an exemplary embodiment of the invention. In the figure, the 
invasive tool is a hypodermic needle and the probe passes through the needle possibly without 
causing significant obstruction thereof, Ih some embodiments of the invention, ultrasound 
source 700 is used for position determination of tool 702 altematively or additionally to being 

20 used for imaging as described above. Altematively or additionally, . source 700 is used as a- 
detector to home in on an acoustic beacon, for example a beacon provided by a different 
implanted fiber. In principle, as ultrasoimd can traverse the material of the invasive tools, such 
as the needle, the fiber ultrasonic source can be completely surrounded by the tool, or, as 
shown in Figure 7, can be allowed to protrude beyond the tool. 

25 In an exemplary embodiment of the invention, two or more ultmsonic sources are used 

to better locate the marked tool. If only a point source is used the only indication that can be 
obtained using a simple detector is the distance to the beacon and the marked tool is known to 
be located somewhere on a sphere. By providing two or more sources, positioned a known 
distance apart, the tool can be positioned at the intersection of the tool length with the two 

30 spheres scribed by the distances measured to either source. This reduces the ambiguity of the 
location, in most practical situation, to a conical surface in 3D space. If, for example, the 
systrai tracks the relative motion between the imaging system (e.g., detector) and the sources 
the ambiguity can be reduced further by the generation of a family of such conical section in 
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Space that cut eadi oHh&c in a decreasing area. Thus, the condition of '"physical" contmuous 
motion of fbe tool offers an unambiguous solution for the position of the beacon in space. 
Alternatively, a plurality of detectors or more than two sources may be used. To assist the 
discrimination between the beacon signal and the standard imaging signal of the imagiug 
5 system, the signal from the beacon can be designed to produce a specialized waveform which 
can readily be separated 6xmi the imaging signals. For example a train of pulses or a chirp, 
while essentially at Ihe same frequency as the imaging system, can readily be distinguished 
fix>m the imaging signals. Alternatively or additionally, a source that generates different 
firequencies at different points along its length may be used and identified (e.g., utilizing 
10 different wavelength selective absorbers with different geometries). 

Additional potential advantages of an acoustic-optical transducer in accordance with 
exemplary embodiments of the present invention, include: 

(a) Transferring significant power to a catheter tip. 

(b) Reduced diameter probes. 

15 (c) Ability to be used in strong magnetic fields such as MRI fields. 

(d) Avoiding grounding problems, especially when the probe is used imder field 
conditions. 

(e) Simplicity of construction. 

(f) Low cost of the active portion of the system, which can be discarded and replaced 
20 after each (or a small number of) surgery procedure. 

ha some embodiments of the invention, an opto-acovistic transducer as described above 
is used for a multi-element probe, which may, for example, be used outside the body. Fig. 8 
illustrates a multi-element probe 800, in accordance with an exemplary embodiment of the 
invention, hi an exemplary embodiment of the uaveation, probe 800 comprises a plurality of 
25 fibers 802 each with an acoustically active tip 804. The tips are arranged, for example, in a 
probe body 806. Each fiber may be activated individually. Alternatively or additionally, the 
fibers are activated in concert, for example as a phased-array. In an exemplary embodiment of 
the invention, the fibers are powered using a flash lamp, for example, using an electrically 
controlled LCD to selectively pass light to fibers. Unlike standard piezoelectric transducers, 
30 probe 800 does not typically require high voltages (or any voltages) at body 806. 

The fibers are typically oriented in a linear array, laid side-by side, each fiber 
generating in the side-looking configuration. The beam manipulation in the plane of the array 
vector may then be provided by phasing the generation of each fiber-element The 

31 



CA 02472877 2004-07-08 

WO 03/057061 PCT/IL02/00018 
manipulation of the resulting beam in the perpendicular direction may be effected by the 
multiple generating/receiving elements in each fiber. In this manner a two-dimensional phased 
army can be formed. Additionally or alternatively, the fiber sources can be used in the forward- 
looking configuratioiu In this option a one- or a two-dimensional array is formed by 
5 assembling the fiber tips in a line or a two-dimensional matrix, respectively. In this case the 
beam is optionally manipulated by phasing the transduction of all the array elements. In both 
of the examples above, a suitable ultrasonic isolation medium is optionally provided to 
minimize the cross-talk between adjacent elements. 

Fig. 9 is a graph illustrating experimental results of a device constructed in accordance 

10 with an exemplary embodiment of the invention. This signal was acquired using a single 
absorbing region transmitter fiber and a polarization-demodulated birefiingent fiber receiver. 
The device is inserted in a lucite tubing filled with saline. The first signal relates to the direct 
acoustic cross-talk between the transmitter and the receiver. The tubing wall generates acoustic 
signals fcom its fix)nt- and back-surfaces. Note the reversal of the signal phase at the fiiont wall 

15 as expected &om a low to high acoustic impedance. For reasons of convenience, a liquid target 
was used instead of a solid target for generating the ultrasound. However, as noted above, this 
may be provided in some embodiments of the invention. Generation is effected with a laser 
pulse of Ip-J, IQns rise time at l,064nm. Detection with a 532nm laser, and approximate power 
of 5mW. The generation and detection fibers, both multimode, are positioned about 1mm apart 

20 and some 5mm fi'om the wall of the tubing in a side-looking arrangement. Tube wall is approx. 
2mm thick. Hie fi-equency of the generated ultrasound is approx. 3MHz as expected firom the 
generating region used: a gradual boundary liquid region mounted onto the fiber, 
approximately 0.8 mm wide. 

While the above description focused on optical fibers, other waveguides may be used, 

25 for example hollow, lens-series or mirror waveguides for long wavelength infra red radiation. 
One possible reason for using such waveguides is that a same waveguide is used for generating 
acoustic energy and for conveying electromagnetic radiation (e.g., RF radiation). Alternatively 
or additionally, the illuminating electro-magnetic radiation may be RF radiation, with the 
waveguide being of a suitable type. 

30 The present invention has been described using non-limiting detailed descriptions of 

embodiments thereof that are provided by way of exanaple and are not intended to limit the 
scope of the invention. It should be understood that features and/or steps described with 
respect to one embodiment may be used with other embodiments and that not all embodiments 
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of tfie inveation have all of the features and/or steps shown in a particular figure or described 
with respect to one of the embodiments. Variations of embodiments described will occur to 
persons of the art. In addition, some embodiments are described as method or as apparatus, the 
scope of the invention includes apparatus, for example, firmware, hardware and/or software for 
5 carrying out the method and/or methods for using the apparatus, as well as computer readable 
media and/or communication signals on which such software is stored. 

It is noted that some of the above described embodiments may describe a best mode 
contenqjlated by the inventors and therefore include structure, acts or details of structures and 
acts that may not be essential to the invention and which are described as examples. Structure 
10 and acts described herein are replaceable by equivalents which p^foim the same fimction, 
even if the structure or acts are different, as known in the art Therefore, the scope of the 
invention is limited only by the elements and limitations as used in the claims. When used in 
the following claims, the terms "comprise", "include", *liave" and their conjugates mean 
"including but not limited to". 



33 



CA 02472877 2004-07-08 



CLAIMS 
An tt l tia sQiu c pmeiatog^ cempnaSngs 

R scnffoR of electxo-magzictzo redistioa that genersfes radiotlan batving a phnBliQi' of 
an eJectrcmagnotzc wEveguide e&ixpl^ to tbe soocois; Bxui 

st leadt ficie absotbit^ region m said wBvegidde ibat cosaveits IxtBidenc electroaflSDelic 
zadiatiOQ of &wer Iban ^ the plucali^ of genetaled wavelengths fioni Oie aomco izno 
iiiiraaonic waves. 

10 

2. A geoeiasur according to claim I. v/beresxi at least one of the v/aveleoglhs vat 
cociverted by the absozbins Tc^on into decttooiaffD^c radiation is used fbr Ughl iOmrdroirion, 

3. A geeeiHtor according tQ chdm 1 or claim 2. wii^ein aaid wavf^jfidde i& fbnned Into a 
15 gindawiie. 

4. A geoerator according to any of datms 1'3, wfasrein said generator ie adapted to be 
iaseitedxate a body. 

20 5. A generator accoxdiiig to any of cJatnss 1-4, viberein said wveguide compciaes an 
optieal fibcar. 

6. A geoeiBior accoxding to claim 5^ -wbeteizi said ^ibet fnclxides a non-accusdo opdoal 
fiber sensor. 

25 

according to claim 2, wherein said absorbing region cooniuises a segoieut 
ihat is added to said iiber. 

5. A generator acccrding to oSaixn 5. \Vberein said absolving region comprises a do«ping of 
30 a eore or damage to the core of said fiber- 

9. A geficxa*»r according to any of claiizis 1-8. -wherein said abesoibing region is optically 
controUabJe to cbaugc at least oi2e of said ciitesjoD and its absorption. 
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JO, A generator accordins to aityr of claiois J-9> ^erdn said source comprises u User 

IK A aancxator aaoardiD^ to any of diaaxns 1-10. -wtecixi said soucoe cottiprisas 4 coupler 
fbr a laser source. 

12. Agtacterstor acxwdhiatoanyaf^clmw MO, vvliMin said soum eomjir^ 
filter. 

13. Asenen«cit«ccQidixiBtoanyofolAiin8 1-12, wfacimn aaid gt least an& tAmarM^ T*fl1"By 
contpxises at leaot two ainsoiiyu^ teglDiis. 

14. A gcnecator msooxdiiig-to any of deims 1-12, wbcnin cadd at least on© iOisocblag r^^Lm • 
compnses «z least three ^baoiMig regicHis. 

15. A gmratoraocoxditkg to any of^laSma 1-12. v^iereiD aaidot least one atowWa^ jt^oit 
conipases at least fbtt-absodbinsregiour^ 

16. A 9«iera2or aoccxtdme to claim 13. Wbereia at least two Kgions hzrva sazno 
ftbsozisizig diBZBCtezistics. 

17- A geumtor aecorcHng to clafae. 13, vvfaercin said at least two xesiotis b«ve diiSaRait 
^ubswbing diaroctetxstic^- 

1«. A gcjicrator according to any of clamis 13-17. wherem said at least two ze^ns Have at 
least one dsfferent absorption selectivity *^T**eTVw_ 

19, A gcaeraior accotduiB to eoy of claims 13-17, ^vfaendn said at least two vegiocts have 
same selectivity. 

20- A fitoicraior according to ajiy of claims 13-1 7. whcrciii i3ae absorption properties of said 
at least two i^giojjs a« adjusted so as to achieve a desired effeot on said isltxasoiue waves. 

35 



CA 02472077 2004-07-08 
•« . 



21, A scDeiBtcar accordins to aay of claims 13^17^ ^^enda said el least two xesAoos «ro 
•paced apart to aolneve a desired effect cm said vhnsoxdo waves. 

5 22. A fiexiex^ior accardtos to claim 2]k, ^rhcxeSn effect is seleccion of a ^^veleagth 
ftpectrand. 

23. A gfiDednartor acccsdtng to claixD 20 ot olditn 21, in^DBcein said G&sct is a selecftiicte of a 
spatial -field distribution. 

10 

24. A gcncmtor sccordtos to clsim 21. wheieirx said e&ct is a selecliotL of ao acoustio 
envclppe ahi^. 

25- A Benenocrr accordtcxg to any of bUab 1-24, ^vhcr ein eaid ab&oilnxig xeglQij is a v^ums 
IS absorbet tliat afasojbs sidd rediatlcm alon^g its langdi ia a diractioa of propagpHatL of 

26. A graeraXor aec wifiu g to cdebii 2S, tvbereb) said absorbizie TB^an has sodaHy Tr«w*;'PMyir^ 
a]?90Tpti&n ohacactftzistics. alODg the axis of add wavaguidfi. 

20 

27. A g su o iu t tfj ' ficcordisfi to claim 25, Vfhferfcin said absorbing tegioa bsa ax^alty non- 
unSfDim absorption ehatacteristics. alosg tbo axis of said wveguide, 

28. A gaaemtor aocotdb^ to claim 27, wherein said atatsosbing i«s>oa has axes^ped 
25 abaozption charactezisfiBs. alcoig the axis of said waveguide. 

29. A gcsoerstor accoordixig to aqy of cSaiias l*28« -v^dueroixL said abscnbing re^^on is a solid 
flbsorbear. 

30 30, A eanerstor scccondiss to any of cJaims U2S> wli^ein said abscobing region is a fluid 
absQi^ber. 
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3i» A geoezasor occoraing to si^ of olaims 1-30, iNfaerein said wavieginde corapriftes an 
acousto-optical ^aQodulstar postion tlxai xnodulotos light \yav« responaivt» to an axsonsOc fiold. 

32. A gesoeaactor acoordifig to cUim 3U comprisme an opticia detector coupled to sold 
mn^e£uido wbichgepeira^ aalgnAl ze^ponsiveto said acoiti^tSo field* 

33. A ^^cnenxor acccwduagto cJsim 32, wteein said optical dctfcctor detects tadiotloa ttutt 
passes througb.5azd abaorbio^ region ua&bsorbc^d. 

34. A generator according to clAim 32 or cUsdOi 33. eozt^ptisix^ a ^gnal praeoMor dm 
reconstnicts an xmige teim foSd s^goah 

35. Ag^eratoraocor^tDCtaini34.^?rtwBSnarfdi^^ 

36. A gcnmt»r according to cladto 34, v;hes«ia said image ia a two dknenaicmal iznaep. 

37. A gcmewrtor accordiDg to claim 32 or claim 33, coBxpnsiae a pcmcesm c^esative 
to xooonstroct a tissue charactnnzntion &ota aaid sigoaL. 

3ft. A ^cDcrator accordkig to claim 32 car daim 33, ccmprbong a. signal pcocaasot opersdve 
to zBCoostract a d^st^x&ce firom said sigz^ai. 

39. A getieraior aeconSiae to aio^ of ckdma 1-38. ivbcre in said soutce provides at least one 
wavalotBtiLlmvinfi a lufi^ power level ^ passes tbtough said ai^oytiinft ttgion snbstaotfaUy 
miabsorbed. ■ 

40. A genexator accordins ^ any of claims l-39» y^smin the source senetates radiaiic»i 
jmying at least thcec diffcteal vracv^lengass, 

41. A seoextttor accotdln^ to any of daims 1-39, vAenfe the source geoeme$ radiatiow 
having ai least four difiTercnt vrftveie&gfhs. 
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42, A gezzfisnttor accoxdixi^ to any of clfiUD^ I^J^ casxxpnsans & pluralily of ^vegiiides 
4zraD@e4 m a pbascd^amy and a cozstrcin^ tto controb said source to adivats said anay as a 
phesad-Anay. 

5 43. A gexieratair aceordmg to oxc/ of clan»s I-*41, wbecem said liltfasonie watv^ is qperatKye 
CO be srteeted in space by said ^exicratcjf ^^yWjout moving the absorbing xcspUm. 

44. A s^Bt^^^ accozdiog to ftoy of claims 1-41» -wbereio fiaid gatwrator'cxagipgagca onky a 

45. A genef^ior flccotdlx^ to any of dainis 2-44, coukpdsb^ en ^kltrasocdo fl£soc%er, "^AsaiA 
spatUJIy Aheipes saiduitrascodc warns. 

46. A fi^axietaior according to any of datos 1-4S» caxiLpdsinsf a canttolL^ operatrve to ' 
15 oontrol 38xd sourtc 

47. A senjcrafor accoTdix^ to c^aim 46, witereio said coartralksr synchronizes on opoiation 
of said gemarator ynOn & aepanitc tcealxncat dovice. 

2« 48. A B922eRitor according to claim 46 or 47« in^ieiein said comrollBr QnaQhrazdzes an 
operattoa of said genenator liidfZi a sepatato irnasaig device, 

4d. A gqnmitor according to ^laim 46 or 47, -wbiexezn cald oontroileT reaifs oat optical 
signals zccdved via said-wsv^oldo, 

25 

50. A geoaerator accordang to aoy of tbc preceding claims, wlicrein the at least one 
absorbing rcsion cotnpdsBS a volumatric- absorption region vAnch ^bso^s i^friian along its 
length in a direcdon of propdsatlon of said eadialion. f 

30 51. A generator according to daini 50, comprising a rsSteotor for xeflecting at least a 
portion of tbc light that passes once tiirough said absorber, to pass al least a :seoond tizne 
tbrougb said absorber^ 



38 



CA 02472877 2004-07-08 



52. A eenenUor acoordin^; to claim 51» compdshig a socooad refiector fer foflectuig at least 
a poxtioa 6f Ifac that passes tvace Hirougli said abscttber, to pass oi least a l2drd ttee 
ifaEFOt^^ said absofiMfr. 

53. A genemtor acccndiirs to any of the pxoccding claiina. yAismn a second one of said 
^wacvelcngtla interacts with add vwiavegql.de other fiian at srad a* least one afascRbbig xegioiB, to 
generate ulttBSOUfid. 

54. A genemtor according to claim 53, wberem said second generated ultrasound has sm 
i&lensi ty Iiif^ enough to atsa&k adjaeent ploqoe in a blood vassal. 

55. A geuecator acooiding to any of the laiBcedvtg claims. iviiereiA a secoad oiw of ttua 
wavelcQg^ cadts aaod wavogmds at s high enough po^r to iniazact -ivUh icKvivo Holo^cja 
tissue. 

56. A g«aiaca2car accoxdlsg to ^ of the ptccediag claims^ wfaenin said ^voguide is 
flfodble. 

57. A gevemtor accojrdxag to any of -ttie pieceding claims, wheieiii said ^avegudde Is vigid. 

58. A gettotfltor eccoxdisg to niy of Iho proDeding chdms, Tvlwtain sad Tv&veguide is 
fbzned into a ctahewt. 

59. A geoorator accordiiig to any of the praaMUag claims* ^vteam ifae at least- one 
flbsoxbixig region converts Incident electrooia^Ktzc indiatian. of cnzly a single of tbe gc^sefstted 
ivavolczjgths fioni the source into u2tia502iio -waves. 

60. An acovislic geuetator^ oompxisiog: 

a soarce of t^lcctro-magnetic jadiatl^m; 
a waveguide coi^led to said souzce; and 

at least one vohimetric abscH-bing region dcHned iit said wevegnidc, ^ich etbsoibs 
xedi&tion aloz^g i%$ length in a diwQtzon of prcTpsLgraiiOfi of said Tadiation, 

whcnsin aaid absorbing TCgion convens said ladiadon into an ultrasonic acoustic field. 
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61. A g^oeraaiDr acccaditig to claim 60, ivhesehi Bald absoiber is unSfenkily absorbbiff alons 
its lengtb- 

^ A gjeofixstor accarding to csljijm 60, vdtercin »aid absorber is ncsHaalfiimkly ateoffaijis 
aloEtiS Its length. 

63. A generator Aocoxdnig tD daim 62« whereia said non-ualformily is designed to aebieve 
a certain Bhearp^On profile, 

54. A generator according to claini 63. -svberenx said absorFrtion pnofile is dengned to 
Bchieve a substantial'^ nTuCbtzra energy deposition, alozig said absorber. 

55. A gezseratar a.ccaxdi!>g to clauu 6^ -wfaaceitt said non^uiufmmiiy is stepped, defiaiitt a 
I $ phnaiity of nontxguous ni^fbxm si]l>*segion8 vdsh diflbcc^ absoarbiog dataotecrlsiies. 

^6. A geoezatar aocosdSng to claim 62, wbexeiA said ncufc-^mifonniiy is filepped. definlns a 
plurality, of nan-condgnous umfbxm snb-regiaas vdth dtSBercat Bbsorbing c3bani^teiistics» 

20 67, A generaioT sccojding to any of claims 50-66, comprisiAg a reflector for reflectins at 
least apottion of the lig^ that passes once tbxough said absoiber, to peas at least a seoond tiooe 
ttaroueb aaid absorber. 

68. A gejoerator accotdug to claim 67, conipnsfng a second rcfieotor for teflectfoff m leastt 
25 a portion of the light "diat passes twice throng said absorber, to pass at least a third timo 
thiou^ said absorber. 

59 ^ ,gC9ierator acconSnB ^ claim 67, wherein said sopood reflector is pola3e3ziliio& 
discriminating and comprising a polarization rotalot. 
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7D. A generator according to aay of cton 60-69, wherein half a thickness of said 
absoipdon aiea absoite less Khsn 80% of light absorl^ed by is&id absorbing area. 
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71. A0B3«e»tttac»:onih3gtoaDyofGla]m ^ 
■ UKifcjaa a crosa-soctioa. 

72. A geaaiHiOT aooardm^ to any of clajnt 60-70. vrbmin said abeoxblAg te^tm does &m 
fiU a csoss'wcdon of said-waveguade. 

73. A ficaiciator according to aaiy of clami 60-70, %VIiciein. wid wmguide guides 
sutotrotially all iktdiatidii 

74. A eeii«nkXor aceoxdiQg to ctoixn 73, iwtoefn said guidauusfi con^rises gwdina said 
xaxUaiioxL to Kawe a substantially ttmfimn cross-^ectson along said absorticg r^ioo. 

75. A s^wcator acmdliQ to a»y of claim 60-74. iwhanin said abficstdng nagiim sctecttvc^y 
^aMOgi>s only some of sand Twdintf m> 

76. A gencialor oscanliiig to aiQr of dtoba 60-7S» compnsiiig a plurality of absorbing 

77. A gen,6rttor accoidine to cUdm 76. wherein 8«id absotfaiag tegions are amj^oa alo^E 
an aads of said, -waveguide. 

78. A gencaratOT aiccozdhig to cJaim 76, ^eicui said absorlnxie ro^ooB are axcanged in a 
tratia-axza3 diyectJctti of said wavaguida. 

79. A generator accontog to any of claims 76^7B> v/liama said nmltipie abmriHiig x^giotas 
have same ab$oipiion ciiaract«isties. 

80- A genccater aooonSiig to any of olaizns 71^79, ate>em «t least oaa of said mtimiile 
absorbing TCgions has a djfferent absmptiou characteristics firom another cee of said regions. 

81 . A generator acc«dh)g lo any of «Oaiaa 76-80, ^et^in at least two of said muitiplc 
regions at least jmdalfy overly 
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82. A geDQiator accorcfijog to any of claims 76-81. wherein et least one of said multiple 
Tenons is selectively addresHible to controi & <tifec:don of Bsid tiltzasonio wavesw 

83. A ganQzatoor p^T frriing to axiy of olaiixu 76-81, ^luexdo st least one of said muhSpHio 
5 regione is seleetiv«ly addrossable to eonbco} a ^eqaextcy of $^ ultt«50fii& ivsn^os. 

84. A BBumtoT accorciizis to any of claxms 60-83. v^etcin said 'waveguiaft is an optical 
fiber. 

10 3S< A g^nemtar ascotding io atxy of claims $0-84, v>rhezeln said absocbin^ t^0an lias fithaqp 
bounde^c^ 

86. A gramCor Br^H^ir'^^g to any of clahns 60-84^ wlierein said absorbing segjon has at 
least one bluxzed boondaiy. 

IS 

87. A metbod of dcaiganig dn nliraaotiic g^crator powei«d by cloetromasDetin Adiation, 
ooimpnslngr 

determinb^ a desired proparty of a gcziexBtad nttzasonic wacve; end 

calculating a spatial absorbins proUlo of at least ooe taeansductian Tes^oa of saidL 
2J> gcneraior to achieve said desired property. 

88^ A method of desfgniDg an ultrdsozuc genendor powered by elcctfoxnaeaetic xadiation« 
eompti^ng: 

dMvminifls a deaxcd piopexly of a genexated uhrasonio -wave; and 
25 calculating at 2east one of a geomesic chaiacteristic and a physical cbaracteiistic of at 

least two transdnctioD Tegions of said gcoezatDr to achiefve said desiied pcppeity. 

89. A m^hod accozding to claim 88. inftimni said geometric cbatnctczisiio coaspTiaca a 
length of oc least one of said xc^oos. 
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90. A metbbd acccrding to claim 88 or claini 89, wbcreca said geometric cfaBxactoristic 
comprises a spacins between ^d teg^Ons. 
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91. A mcdiod according to any of claim gg4>0, ^vixroa said gmnetnc ctamctcxistie 
conipdses e number of said f egions. ^ 

92. A xDetho4 aceordioff to ai^r of e!alm& gg^i, vAer^ i^d iihysic^ chsnotaistic 
comprises &n opticBl density of «U least one of xog^^ 

93. A metiiod acgotding to any of cleixDs 88-92, whereia said pbyaioaa cbaEactecistie 
conqixisesaumfbniiii^ofdBiuity ofatleas^ - 

s 

I* 

94. A method according to ai^ of claims \vifcerein said inopexiy ^^jnrffffrt a 
cliaiBCte£vt3C waveleo^^th, for « dciviiig ^jcheuxe- 

95. A xnediod accordios «o any of claims 88-94, wbereia said |nope% ctxaxpAms a 
charactBoStic -wavelength power specstra. for a gtven drtving ne i»<%pi#> 

96. A meHiod eeeording to any of cJaims 88-95, ^vhaein aaid pzqperty com^dm a StpaHal 
propagation profile. Ibr a givcD driving ^K^m ^^ 

97. A xoethod accarding to aiQ^ cf claims 88-96, wherein said proper^ compxasea a 
characteristic acouscLc envelope fbr a sn/en driving schanuK 

98. A method according to amy of claims 88-97. TyJieiein said Gaiculat|na ^ perforoed 
prior to jnanxxTactnTo of said ^emmor. 

99. A mi?diod accGcdmB to any of claims 88-97» ^wbemn said caJcuta&qg ia perfonraed afior 
mamxEoctere axid poaor to use of eaid generator. j 

100. A method according to daim 99, comprising eSecting at least ctne ot said 
cfaaiactm^tics by selectXE^ an izzadistioii wavckaogth of said absorbing areas. 

101. A method accotdtjig to claim 99, compriaing ojSbctiag at least one of aaid 
charactcdstics by opdcaUy activatii^ at least one of said absorbing aieas. 
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1 02» An aooustip genexatoT» eoBiposing: 

9. soume of dcetro-nmcnPlie radlotloxi; and 

B plunUit/ of waveguides coiqded to said khupc, e«oii -waveguide an 
(tteozbSng i^Kiozi that converts said radiation icto an xAtrasonao actbus^ 5eld. 

whereit) said sotirce inadistes at least two of said plimdity of vrnvesuide ai & same tiiite 
such thai ii^ds of i^id tvm -Mveguadss intcnict. 

1 03. A generator acconUDg to claim J 02, coznprisix^ a coxitroUcr, coupled to said eourPC and 
cpeiative to selectively conxtQl eadi of sziid acoustio iSetds. 

104. A geneminr eocoxdSiis to claim 103, wbecem said cmiroDer seta a rvlaDlive phase 
between said two fi^da. 

305. A gemsRitor tuccotdhig to any of clajms 103-1 04^ -wbcxvin said coxLtroUer sets a telalive 
pulse TBte between pulsed )igiit provided in aaid two waveSCuides. 

106. A gecnerat^ accoiding to any of cJauaaa 103-104, wtiezxdn said contmUcr sets a jrelaixve 
p«l5c phase bctwoesn pulsed light providBd in said two ^wscveguzdes. 

107^ A ©eneralor aceofdbig to any of claims 103-1 06» Wherein said controller seta a relative 
ampUttide between scdd twt> weveguidea. 

1 08. A gmeracor aceoxdaTig to sassy of claims 1 02-1 07, -wherein said fields istexact to obtom a 
desizctd propagation directioa. 

109. A genemtor accordizig to ai^ of claims lOS^lOS, wiiensm said fields internet to ezxhance 
power hi a certain wavelenstfo. 

110. An ultiasomc jgenerator, oompzisizig: 

a source of electro-magnetic radiation that senerated radiation having a pluxaliCy of 
propa^:ating coxnpojxentSi 

an electromagnetie ^wavognidc; and 
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an absorbing region in said ^varvegulde that cmverts iitddeat electroaiagouBtio zadiatlotL 
into ultrasonic waves, wherein only one of said ctaaapansaats. bzteiam with said ABocWng 
region io oroate uhzasound. 

211. A fpcnenifor acxonding to claim llQ^iMbminaseeQfndoQ^ of seldcomppnai^ Iptencts 
'v^^SflUil'^VBveguideofhenr than at Said afaa^^ geomaoB vltradound. 

112. A genemtor aceordiiig ta cktai IIC^ -^thesein said aocond ^nccated ultnttouod hat an 
intensity eooi^h to attack adjaceadt plaqoeiaa blood vefisel. 

113. A ge&emtor according to accy of claiizis 110-112> con^xisiog an optical aooustio 
detBCtor in said -vvaveguide And wherefn an additional one of said «r « .ij>r>Ty*^*° infeemsta >^iifa, 
said wsveguide to detect an at&bient iilu - asoin c field. 

114. A geneiaior according to any of claims 110-113^ v^betefn a seeood one of saxd 
oompQ&eikts exits said waveguide at a lua^ enough pawcf to intezact vnOi in-vitm t^oloeical 
tissue, 

115* A generaior accozding to any of daims 110-114, wberein said di/fercnc cooaiponeata 
bavB diffemxt poUcnzations. 

116. A genenior acccrdiog to aoy of daims 110-114, vdiearein aaid different oampmaxts 
have dif^rem wavelei;>gtfas. 

117. An Tdtnuonic probe, compiialng: 

& vtiTBvcguide bavlag an e3p6 along Ti^hich electromagnetic ladialion propa^a^ and 
defining an absorber that eonveits said radiation into forward jxrapagadns ultiascnand that 
fbrtber propagates in a genetaJ direction of said axis; end 

art cniqnac port that outputs light canies in a same direction as said ttltcasouzid. 

118. A piobe according to «Iaim 117, herein said ompiit port is ibnned in sand -Nvovegvude. 
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1 19. A pnpbe ftcscoiUijis claim 1 17 ox olaixa 118, oomprising a forward looking ultF9$mio 
detector defined in said-mveguidc. 

J20r >^ acoustic gciKiatar. conopnsltig: 
5 asoiirceoreleetro-fnagiietlexa^Btiati; 

a waveguide coupled to said sovacc; and 

a ploraHty of spaced apart obs^trbixi^ igloos defini^d in. said ^cvavegoide, 
-vvbenaa each of said absorbing tfegkm converts said x^diation into ao ultiasomc 
acoustic field. 

10 

1 21 . A gememtor aocoxding to any of claims 60-&6. 102-1 1 6 or 120, wherein said watvos^ide 
is jEleooble. 

122. A gcoeifctor aoooi^iig to asay of olaiqjs 60^6. 1(l2-il€ or 120, 'whor^ said WBvegoido 
15 is rigid. 

123. A g^x^ator Bccordin^ to any of claima 60-86, 102-116 or 120-122 iwheacein said 
*wav&fiiudie is fbxmed into ft guadewire. 

20 124. A geoerafior ocsconfing to any of claims 102-116 or 12^0-122, wbcsccin said 

Tvavegnide is fbtooed iotD a catheter. 

125. A gBner ai Dr acccetdios to claim 124» whemn said catheter is a balloon iiaUie t gi:, 
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